Mixing it Up: Developing Expertise in Forensic Fingerprint Examination Using Interleaved Practice by Walker, Claire















This thesis is submitted in partial fulfilment of the Honours degree of Bachelor of 
Psychological Science 
Submitted on 29 September, 2020 
 







DEVELOPING EXPERTISE IN FINGERPRINT EXAMINATION 2 
 
Table of Contents 
List of Figures ............................................................................................................................ 5 
List of Tables ............................................................................................................................. 6 
Abstract ...................................................................................................................................... 7 
Declaration ................................................................................................................................. 8 
Contribution Statement .............................................................................................................. 9 
Acknowledgments.................................................................................................................... 10 
Mixing it Up: Developing Expertise in Forensic Fingerprint Examination Using Interleaved 
Practice  .................................................................................................................................... 11 
CHAPTER 1 - INTRODUCTION ........................................................................................... 11 
1.1. Perceptual Expertise ...................................................................................................... 11 
1.2. Expertise in Fingerprint Examination ........................................................................... 13 
1.2.1. Expert Accuracy ................................................................................................... 15 
1.2.2. Fingerprint Expertise Training ............................................................................. 16 
1.3. Interleaved Practice ....................................................................................................... 18 
1.3.1. The Optimal Conditions for Interleaved Practice ................................................. 20 
1.4. The Current Study ......................................................................................................... 21 
CHAPTER 2 - METHOD ........................................................................................................ 24 
2.1 Ethics Statement ............................................................................................................. 24 
2.2 Experimental Parameters ................................................................................................ 24 
2.2.1 Fingerprint Training Protocol ............................................................................... 24 
DEVELOPING EXPERTISE IN FINGERPRINT EXAMINATION 3 
 
2.2.2 Control Training Protocol ..................................................................................... 25 
2.3 Measures ......................................................................................................................... 26 
2.3.1 The xQ .................................................................................................................. 26 
2.4 Materials ......................................................................................................................... 27 
2.4.1 Fingerprint Images ................................................................................................ 27 
2.5 Software ......................................................................................................................... 28 
2.6 Participants ..................................................................................................................... 28 
2.6.1 Shared Controls .................................................................................................... 29 
2.6.2 Power Analysis ..................................................................................................... 30 
2.7 Design ............................................................................................................................. 30 
2.8 Procedure ........................................................................................................................ 30 
CHAPTER 3 - RESULTS ........................................................................................................ 32 
3.1 Confirmatory Analysis ................................................................................................... 33 
3.1.1 Test of Hypothesis 1 ............................................................................................. 34 
3.1.2 Test of Hypothesis 2 ............................................................................................. 34 
3.2 Exploratory Analysis ...................................................................................................... 34 
CHAPTER 4 - DISCUSSION ................................................................................................. 37 
3.1 Confirmatory Analysis ................................................................................................... 37 
3.2 Exploratory Analysis ...................................................................................................... 40 
3.3 The xQ as an Assessment Tool ...................................................................................... 42 
3.4 Strengths ......................................................................................................................... 42 
DEVELOPING EXPERTISE IN FINGERPRINT EXAMINATION 4 
 
3.5 Limitations ..................................................................................................................... 43 
3.6 Implications .................................................................................................................... 44 
3.7 Conclusion ...................................................................................................................... 44 
References ........................................................................................................................................... 46 
Appendix A .............................................................................................................................. 57 
Appendix B .............................................................................................................................. 58 
Appendix C .............................................................................................................................. 59 
Appendix D .............................................................................................................................. 63 
Appendix E .............................................................................................................................. 64 
Appendix F............................................................................................................................... 65 
Appendix G .............................................................................................................................. 67 
Appendix H .............................................................................................................................. 68 










DEVELOPING EXPERTISE IN FINGERPRINT EXAMINATION 5 
 
List of Figures 
Figure 1. Comparison of a latent fingerprint (left) and a candidate fingerprint (right). Sourced 
from Kellman et al., 2014……………………………………………………………15 
Figure 2. Performance on the xQ across sessions for the Control (blue), Mixed (pink) and 
Massed (green) training groups. Black lines represent the mean performance of each 
of the three groups across sessions. Each individual dot represents the score of one 
participant on one session of the xQ…………………………………………………33 
Figure 3. Performance of the Mixed (orange) and Massed (purple) fingerprint training groups 
on the training task across sessions. Black lines represent the mean scores of each 
training group across sessions. Each individual dot represents the score of one 















DEVELOPING EXPERTISE IN FINGERPRINT EXAMINATION 6 
 
List of Tables 
Table 1. Descriptive statistics for performance on the xQ…………….…………..…………32 























DEVELOPING EXPERTISE IN FINGERPRINT EXAMINATION 7 
 
Abstract 
Forensic fingerprint experts have a superior ability to differentiate highly similar print 
pairs, especially in comparison to novices (those with no experience in the interpretation of 
fingerprints). Few studies have investigated methods of effectively training novices to 
become experts. The current study draws on the principle of interleaved practice to train a 
small sample of fingerprint novices. Interleaving theory purports that ‘mixing’ exemplars 
from different categories has greater learning benefit than ‘massing’ exemplars from the same 
category. The current experiment applied this principle via a novel training paradigm in 
which one group of novices responded to fingerprints from different fingers (Mixed), and a 
second group responded to fingerprints from the same finger (Massed). An active control 
group completed a task unrelated to fingerprint examination. All participants completed a 
measure of fingerprint expertise performance (the xQ) immediately prior to each of 10 
training sessions across 10 consecutive days, with a final measure of performance completed 
on the eleventh and final day of testing. It was predicted that both fingerprint training groups 
would exhibit significantly greater improvement on the xQ across sessions than controls, and 
that the Mixed training group would display superior performance across sessions compared 
to the Massed training group. Instead, the results suggested that, while the Massed training 
group performed more accurately overall, none of the three groups improved significantly 
over sessions. This study has potential implications for the training of future fingerprint 
experts and could reduce the risk of costly errors made by these experts. 
Keywords: Fingerprint expertise, forensic science, interleaved practice, perceptual 
learning 
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Mixing it Up: Developing Expertise in Forensic Fingerprint Examination Using Interleaved 
Practice 
In January 1983, Archie Williams was sentenced to life in prison for a crime he did 
not commit. He was exonerated by forensic fingerprint examiners after serving 36 years in 
prison (Innocence Project, 2019). In another landmark case, fingerprint experts linked Jerry 
Watson to the murder of a 61-year-old man using fingerprints found at the scene of the crime, 
30 years after it had occurred (Federal Bureau of Investigation, 2012). These examples 
demonstrate the profound influence of expert fingerprint examination in forensic contexts. 
Research indicates the “miraculous” ability of these experts to accurately discriminate 
between fingerprints, especially when compared to novices (those without any formal 
training in fingerprint examination; Thompson & Tangen, 2014, p. 2; see Searston & Tangen, 
2017a; Tangen, Thompson, & McCarthy, 2011; Tangen, Kent, & Searston, 2020). Few 
studies have, however, investigated how to most effectively train fingerprint novices to 
become experts. This thesis will implement one training method using a small sample of 
fingerprint novices and established concepts in educational psychology. 
1.1 Perceptual Expertise 
Contrary to common depictions of an automated process, perceptual experts such as 
fingerprint examiners rely on their expertise when making decisions. In a classic experiment, 
participants were asked to categorise a series of photographs of common objects, such as 
aeroplanes (Rosch, Mervis, Gray, Johnson, & Boyes-Braem, 1976). One participant, a former 
aeroplane mechanic, categorised the photographs of aeroplanes on a much deeper level than 
most others – for example, he was able to differentiate between the engines of different types 
of aeroplanes. This participant was an expert on aeroplane mechanics.  
Expertise has been defined by leading researchers as “consistently superior 
performance on a specified set of representative tasks for a domain” (Ericsson & Lehmann, 
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1996, p. 277), though others suggest that it cannot be explicitly defined, nor adequately 
measured using a single task (Dror, 2016; Gauthier, Williams, Tarr, & Tanaka 1998). Other 
critics reject the dichotomous nature of expertise (i.e., expert, novice) and suggest instead that 
expertise exists on a continuum (Shen, Mack, & Palmeri, 2014). Perceptual expertise 
specifically represents a superior ability to observe and categorise stimuli, as a direct result of 
training and experience with those stimuli (Kellman et al., 2014). As perceptual expertise 
develops, cognitive load decreases and categorisation becomes more automatic (Kellman et 
al., 2014; Tanaka, Curran, & Sheinberg, 2005). 
Perceptual experts consistently perform more accurately than novices across a variety 
of disciplines. Expert chess players, for example, are significantly more accurate than novices 
at recalling positions and solving problems within games (Bilalic, McLeod, & Gobet, 2009). 
Facial comparison experts make significantly less errors than novices (White, Dunn, Schmid, 
& Kemp, 2015). Research investigating the reasons behind these superior abilities indicates 
that experts attend to the perceptual details that distinguish stimuli from one another, while 
novices tend to look at stimuli more holistically (Tanaka et al., 2005). Experts also consider 
the relationships between different features as well as the features themselves, known as 
configural processing (Gauthier et al., 1998). Facial image comparison research found that 
experts tend to make slower, more deliberate judgments (White et al., 2015).  Finally, 
expertise tends not to generalise across classes of stimuli; for example, dog expertise does not 
generalise to bird expertise (Tanaka & Taylor, 1991; see also Bilalic et al., 2009; Gauthier, 
Skudlarski, Gore, & Anderson, 2000; Searston & Tangen, 2017b).  
All experts were once novices. Research has demonstrated that practice with a class of 
stimuli can improve performance and lead to expertise (Dosher & Lu, 2005; Gauthier et al., 
1998; Tanaka et al., 2005). For example, Gauthier and colleagues (1997, 1998) trained a 
group of novices to categorise a novel class of human-like stimuli (known as ‘Greebles’) 
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using a variety of categorisation, naming, and verification tasks. Following training, learners 
were deemed ‘experts’ and subsequently compared to a new group of novices. The experts 
learned novel sets of Greebles significantly faster than the novices, indicating a superior 
ability to transfer knowledge to new stimuli (Gauthier et al., 1998). Participants in another 
study were trained to categorise birds on either the basic (i.e., family) or subordinate (i.e., 
species) level (Tanaka et al., 2005). Those with subordinate-level training demonstrated 
greater transfer of learning to novel exemplars and species than those with basic-level 
training, providing support for the notion that experts categorise stimuli from their domain of 
expertise on a subordinate level (Busey & Vanderkolk, 2005; Tanaka, 2001).  
While perceptual experts have demonstrated impressive levels of accuracy relative to 
novices, they are not immune to errors (Dror & Charlton, 2006; Searston et al., 2019). Expert 
decisions are influenced by previous cases, contextual details of the current case, and the 
quality of the perceptual information in the stimulus (Dosher & Lu, 2005; Edmond, Tangen, 
Searston, & Dror, 2015; Lu & Dosher, 1999). The interpretations of forensic experts were 
believed to be infallible until the release of two reports by the National Academy of Sciences 
(NAS; National Research Council, Committee on Identifying the Needs of the Forensic 
Science Community, 2009) and the President’s Council of Advisors on Science and 
Technology (PCAST; 2016). Both reports highlighted the lack of a scientific basis in many 
forensic disciplines and recommended empirical research into expert capabilities. The 
PCAST report specifically investigated pattern-matching forensic disciplines, including 
fingerprint examination, in which two samples are compared visually and their origin is 
determined by a human examiner. 
1.2 Expertise in Fingerprint Examination 
Fingerprint examiners have been presenting evidence in forensic investigations since 
the late 19th century (Faulds, 1880). These experts spend their days comparing latent prints 
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(those found at a crime scene) with highly similar candidate prints (those collected in a 
laboratory) generated by a computerised database (Dror & Mnookin, 2010). Time limits are 
self-imposed, with individual comparisons taking up to several hours (Busey & Vanderkolk, 
2005; Shen et al., 2014). Experts arrive at one of three decisions: an individualisation (the 
two prints originate from the same source), an exclusion (the two prints originate from two 
different sources), or an inconclusive decision (the information in the latent print is 
insufficient to make a decision; Busey & Vanderkolk, 2005; Towler et al., 2018). 
Fingerprint examination is a highly difficult task. Latent prints tend to be of low 
quality, and can be contaminated by dust, surface texture, and pressure (Busey & 
Vanderkolk, 2005; Vokey, Tangen, & Cole, 2009). Candidate prints, however, are collected 
in controlled environments, and typically contain more information than latent prints 
(Kellman et al., 2014). See Figure 1 below for a comparison between latent and candidate 
prints. Additionally, while all individuals have unique fingerprints, the same finger can leave 
varying impressions depending on pressure, perspiration, skin elasticity, and the surface the 
print is left on (Busey & Parada, 2010; Dror & Cole, 2010; Searston & Chin, 2019; Towler et 
al., 2018). The recent technological advances in fingerprint examination come at a cost; as 
more fingerprints are entered into the various electronic databases, the risk of making errors 
also increases (Cole, 2005; Dror & Mnookin, 2010). Furthermore, fatigued experts 
demonstrate reduced accuracy, make more inconclusive decisions, and terminate the 
examination process sooner (Busey, Swofford, Vanderkolk, & Emerick, 2015). Despite these 
caveats, expert fingerprint examiners are incredibly accurate. 
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Figure 1. Comparison of a latent fingerprint (left) and a candidate fingerprint (right). 
Sourced from Kellman et al., 2014. 
 
1.2.1 Expert Accuracy. The NAS (2009) and PCAST (2016) reports recommended 
the establishment of a scientific basis for the domain of fingerprint examination. The 
extensive body of research that has since been conducted provides overwhelming support for 
the superior abilities of fingerprint experts (e.g., Searston & Tangen, 2017a; Tangen et al., 
2011; Thompson & Tangen, 2014; Ulery, Hicklin, Buscaglia, & Roberts, 2011). In one of the 
first studies to investigate the accuracy of fingerprint experts, Tangen and colleagues (2011) 
presented expert and novice examiners with pairs of prints (one latent print, one candidate 
print) and asked them to indicate whether the prints originated from the same source (a 
match) or two different sources (a non-match). Experts and novices both performed well, 
with experts exhibiting significantly higher accuracy. Experts in another experiment 
outperformed novices when viewing fragments of latent prints and were more resistant to 
longer delays between the studied fragments and the test prints (Busey & Vanderkolk, 2005). 
In a recent study by Searston and Tangen (2017a), experts could accurately discriminate 
prints as belonging to the same or a different person, despite this task differing markedly 
from their everyday casework (i.e., determining whether two prints belong to the same or a 
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different finger). Experts also performed well when prints were inverted, obstructed by visual 
noise, or presented very briefly (Busey & Vanderkolk, 2005; Thompson & Tangen, 2014).  
Though fingerprint examiners are incredibly accurate under a variety of conditions, 
they can make errors (Dror & Charlton, 2006; Searston et al., 2019). Applying a signal 
detection framework (Green & Swets, 1966), experts can make two types of errors: false 
positives (indicating two prints match when they do not) and false negatives (indicating two 
prints do not match when they do). Fingerprint examiners tend to make more false negative 
errors than false positive, a phenomenon known as a conservative response bias (Kellman et 
al., 2014; Tangen et al., 2011; Thompson, Tangen, & McCarthy, 2014; Ulery et al., 2011). 
Thus, fingerprint examiners are more likely to fail to identify a criminal than provide 
evidence that may falsely convict an innocent person (Searston, Tangen, & Eva, 2016). Given 
the severe potential consequences of errors made by fingerprint examiners, it is crucial to 
develop evidence-based training programs that result in high levels of expert performance. 
1.2.2 Fingerprint Expertise Training. Despite several reports describing the need 
for standardised, empirically validated training programs in forensic domains, the existing 
literature is limited (Campbell, 2011; NAS; 2009; National Institute of Standards and 
Technology, 2012; PCAST, 2016). The research that does exist is of varying quality, with 
one study simply providing a PowerPoint presentation of direct quotes from expert examiners 
as their training method, before concluding that this method was insufficient in producing 
expertise (Stevenage & Pitfield, 2016). Forensic examiners rely on their training and 
experience when making decisions, so it is crucial that this training is empirically evaluated 
(Searston & Tangen, 2017c). Current fingerprint examiner training in Australia typically lasts 
around five years and involves a combination of on-the-job mentoring from qualified experts, 
structured lessons, and theoretical and practical examinations (Searston & Tangen, 2017d). 
The NAS (2009) report criticised mentor-apprentice systems, instead recommending 
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standardised training programs. Conducting research into the most effective ways to train 
fingerprint novices to become experts will result in reduced training times, less errors, and 
greater validity of the evidence presented in criminal courts by fingerprint experts (Mustonen 
& Himberg, 2011; Thompson, Tangen, & McCarthy, 2013). Even modest gains in training 
efficiency would be beneficial, due to the substantial amount of training required to become 
an expert (Roads, Mozer, & Busey, 2016). 
One experiment focused on fingerprint training investigated three learning techniques 
with four groups of novices (Searston & Tangen, 2017c). During the training phase, a 
baseline group provided ‘match’ or ‘non-match’ decisions for 50 pairs of fingerprints, with a 
second group completing the same task while receiving feedback on their performance in 
each trial. The third group viewed print pairs labelled with either ‘match’ or ‘non-match,’ and 
listed the similarities and dissimilarities between the prints. The fourth group provided 
‘match’ or ‘non-match’ decisions for two simultaneously-presented print pairs, in which a 
candidate print was presented twice, alongside both a matching and non-matching latent 
print. All three training groups demonstrated significantly greater discrimination accuracy 
than the baseline group, providing initial support for the implementation of the three learning 
techniques in fingerprint training research. However, the testing phase occurred immediately 
following the training phase, which could be seen as cramming. Educational research 
suggests that cramming can enhance initial performance but not necessarily long-term 
performance, as information learnt during training fades and is eventually forgotten (Tigner, 
1999). Thus, the gap between the training and test phases should be maximised if the goal is 
to develop training procedures that result in lasting improvements in performance.  
Few longitudinal studies exist in which novice performance is measured over time. 
One such study (Searston & Tangen, 2017d) tracked 24 trainees in a forensic laboratory over 
one year, testing their performance on four measures that had differentiated between expert 
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and novice fingerprint examiners in previous research. Significant improvement in 
discrimination accuracy was found across all four measures, with the majority of learning 
occurring during the first three months of training. This result supports the notion that 
learning occurs most rapidly in the early stages of training (Hawkey, Amitay, & Moore, 
2004; Poggio, Fahle, & Edelman, 1992), and suggests a quadratic trend in fingerprint training 
performance. Future training research could expect to find a similar trend, provided an 
effective training method is implemented. One method that has been explored in perceptual 
learning research is interleaved practice. 
1.3 Interleaved Practice 
We classify objects into categories daily in order to structure and understand our 
world (Birnbaum, Kornell, Bjork, & Bjork, 2013). Inductive learning refers to the process of 
learning a new category by observing exemplars (Kornell & Bjork, 2008). When learning a 
new category, it is crucial to identify the principles, patterns, and concepts that define that 
category, rather than memorise specific exemplars (Birnbaum et al., 2013; Kornell & Bjork, 
2008). In the context of fingerprints, examiners draw on their prior experience and 
knowledge of print features when making decisions (Thompson et al., 2013). Research assists 
us in understanding the conditions under which category learning is optimised, with several 
studies focusing on the presentation of exemplars.  
Presenting exemplars from different categories during the learning process is referred 
to as interleaving, or ‘mixing’ (Carvalho & Goldstone, 2017). For example, when learning 
about different varieties of apples, mixing would involve presenting, say, a Red Delicious, 
followed by a Pink Lady, and then a Granny Smith, and so on. Alternatively, exemplars from 
the same category can be concentrated, or ‘massed,’ into a single block of learning (Taylor & 
Rohrer, 2010). With reference to the apple example, massing could involve presenting 
several Pink Lady apples in one learning block, with the next block featuring several Granny 
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Smith apples, and so on. While early interleaving research investigated the learning of motor 
skills (e.g., Hall, Domingues, & Cavazos, 1994), research has since been conducted using the 
styles of artists’ paintings (Kang & Pashler, 2012; Kornell & Bjork, 2008; Zulkiply & Burt, 
2013), bird species (Birnbaum et al., 2013; Wahlheim, Dunlosky, & Jacoby, 2011), 
mathematical problems (Mielicki, 2019; Rohrer, 2012; Taylor & Rohrer, 2010) and simulated 
blob figures (Carvalho & Goldstone, 2014a, 2014b).  
Research has demonstrated a benefit of mixing exemplars in perceptual learning tasks. 
In one experiment, Kornell and Bjork (2008) tested participants’ ability to classify paintings 
by a group of 12 artists. During the learning phase, the paintings were either mixed (i.e., a 
painting by one artist was followed by a painting by a different artist) or massed (i.e., a 
painting by one artist was followed by another painting by that same artist). The classification 
test involved previously unseen paintings by the same 12 artists and resulted in significantly 
greater accuracy following mixing (compared to massing). Benefits of mixing exemplars 
have also been found among participants learning to classify species of butterflies (Birnbaum 
et al., 2013) and simulated blob figures (Carvalho & Goldstone, 2014a, 2014b).  
The Discriminative-Contrast Hypothesis (DCH; Goldstone, 1996) purports that 
mixing benefits learning by juxtaposing exemplars from different categories, highlighting the 
salient differences between those categories. An attentional focus on between-category 
differences is likely to result in better encoding and memory for such differences and, in turn, 
enhanced classification accuracy (Carvalho & Goldstone, 2017). Bird expert David Sibley 
(2002) explains the practical importance of identifying between-category differences: 
“Whether you are looking at two birds side by side in the field or comparing a bird in the 
field to pictures in a book, you must make comparisons and search for differences” (p. 22). 
The DCH also purports that massing encourages the identification of similarities within 
categories (Birnbaum et al., 2013; Carvalho & Goldstone, 2014a; Goldstone, 1996; Kornell & 
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Bjork, 2008). In support of the DCH, Carvalho and Goldstone (2017) found that, following 
massed study, learners recalled characteristic features (within-category similarities) of studied 
exemplars more accurately than discriminative features (between-category differences). 
Furthermore, eye tracking studies confirmed that learners paid more attention to 
discriminative features during mixed study, but not during massed study (Carvalho & 
Goldstone, 2017).  
1.3.1 The Optimal Conditions for Interleaved Practice. Both mixing and massing 
are potentially beneficial for inductive learning under different conditions. Mixing has 
demonstrated effectiveness with low-discriminability categories, or those with many 
between-category differences (Carvalho & Goldstone, 2014a, 2014b; Kang & Pashler, 2011; 
Kornell & Bjork, 2008; Kurtz & Hovland, 1956; Zulkiply & Burt, 2013). Massing, on the 
other hand, is more likely to be effective with high-discriminability categories, or those in 
which exemplars share many within-category similarities (Carvalho & Goldstone, 2014a; 
Goldstone, 1996; Kurtz & Hovland, 1956; Zulkiply & Burt, 2013). For example, Zulkiply 
and Burt (2013) presented learners with two sets of stimuli that were designed to be of either 
high- or low-discriminability. An advantage of mixing for low-discriminability categories 
was found, along with an advantage of massing for high-discriminability categories. The key 
finding in such research is that the rapid alternation of categories when mixing allows the 
identification of between-category differences, which is particularly beneficial for learning 
when such differences are hard to detect (Carvalho & Goldstone, 2014a). 
In addition to enhancing learning with low-discriminability categories, research has 
demonstrated a benefit of presenting mixed exemplars simultaneously (i.e., multiple 
exemplars appearing at once) as opposed to sequentially (i.e., one exemplar at a time). Past 
experiments have presented exemplars (e.g., images of birds, paintings) simultaneously under 
both mixed and massed conditions, finding a benefit for mixed conditions only (compared to 
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sequential presentation; Kang & Pashler, 2012; Wahlheim et al., 2011). Perhaps most 
importantly, Carvalho and Goldstone (2014a) demonstrated that simultaneous-mixed 
presentation (i.e., multiple exemplars from different categories presented at once) resulted in 
a performance advantage for low-discriminability categories. This is a pertinent finding in 
relation to fingerprint expertise training, as fingerprints are difficult to distinguish from one 
another, especially for novices (e.g., Tangen et al., 2011; Thompson & Tangen, 2014). 
Incorporating a simultaneous-mixed presentation schedule, therefore, may have some benefit 
with fingerprints.  
Several studies have demonstrated a tendency of mixing to impair initial performance, 
but lead to superior retention on delayed tests (Lin et al., 2011; Mayfield & Chase, 2002; 
Rohrer, 2012; Rohrer & Taylor, 2007; Taylor & Rohrer, 2010). For example, when types of 
mathematical problems were mixed, both primary school children (Taylor & Rohrer, 2010) 
and university students (Rohrer & Taylor, 2007) demonstrated impaired performance during 
a practice phase and enhanced accuracy on a later test, compared to when the problems were 
massed. This delayed retention benefit may be due to the retrieval of knowledge or exemplars 
from long-term memory stores required by mixing; the greater cognitive effort required 
makes mixing a “desirable difficulty” (Bjork, as cited in Kornell & Bjork, 2008, p. 586). The 
delayed retention benefit also demonstrates the distinction between learning and 
performance, in that interleaving may impair performance and benefit learning (Lin et al., 
2011; Soderstrom & Bjork, 2015). 
1.4 The Current Study 
While there exists a wealth of literature on both fingerprint examination and 
interleaved practice, only one study has, thus far, combined the two areas of research. During 
each trial of a brief training phase, Searston and Tangen (2017c) presented novices with two 
images of the same candidate print, mixed in with both a matching and a non-matching latent 
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print. This resulted in significantly greater classification accuracy on a later test than a 
baseline group viewing just one fingerprint at a time. This study did not include a pre-test of 
fingerprint examination ability, which would have brought to light any initial individual 
differences, nor an active control group, which would have allowed the assessment of the 
effect of fingerprint training in general, compared to no fingerprint training. These are 
research gaps I intend to fill in this thesis. Research suggests that mixing has optimal benefit 
when exemplars from low-discriminability categories (e.g., fingerprints) are presented 
simultaneously, and participants are tested on their classification performance following a 
delay. The current experiment was designed in a way that reflects these conditions. Research 
also suggests that fingerprint training may result in a quadratic trend in performance over 
time, in that learning rapidly increases in the initial stages of training and gradually plateaus 
(Searston & Tangen, 2017d).  
In this thesis, I implement a novel training protocol with three groups of fingerprint 
novices. Performance on a test of fingerprint expertise will be recorded over 11 sessions on 
11 consecutive days. Participants will also complete 10 training sessions as per their allocated 
condition. Two fingerprint training groups (Mixed, Massed) will compare sets of four 
simultaneously-presented prints (three latent prints and one candidate print), and decide 
whether one randomly highlighted latent print matches, or does not match, the candidate 
print. The three latent prints in a trial of the Mixed training task will all be sourced from 
different fingers, while those in a trial of the Massed training task will be sourced from the 
same finger. Control participants will complete a task unrelated to fingerprints. Based on the 
extensive literature on interleaved practice with complex categories, I predict the following: 
1. Participants in both the Mixed and Massed training groups will demonstrate a 
significant quadratic learning benefit over sessions, compared to the Control training 
group. 
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2. Participants in the Mixed training group will demonstrate a significantly greater 
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CHAPTER 2 - METHOD 
My experiment was preregistered on the Open Science Framework (OSF) under 
‘Experiment 1’ and can be found here. The wiki page includes a detailed description of the 
research aims, predictions, methodology, and analysis plan, with links to the R markdown 
scripts. The page also describes a similar experiment conducted by another Honours student 
within the School of Psychology at the University of Adelaide (Experiment 2). Pre-
registering experiments assists in fostering a culture of openness within the research 
community, allows the verification and reproducibility of findings, and lessens the impact of 
hindsight bias (Searston et al., 2019). 
2.1 Ethics Statement 
Ethics approval was granted by the University of Adelaide’s Human Research Ethics 
Sub-Committee (HREC 20/31). 
2.2 Experimental Parameters 
Novice participants were assigned to one of three conditions, with two groups 
undertaking training in fingerprint examination and the third serving as an active control 
group. 
2.2.1 Fingerprint Training Protocol. Each fingerprint training session involved 100 
trials, with each trial consisting of three latent prints presented alongside one candidate print. 
One of the latent prints was randomly highlighted with a bright purple outline, with 
participants asked to consider all four prints and decide whether the highlighted print and the 
candidate print (which was also highlighted) originated from the same finger, or two different 
fingers. There was no time limit for individual trials, however a warning message appeared 
whenever a participant took longer than 10 seconds to respond. Participants received 
feedback on every trial, with an audible low-key tone and red highlights in response to 
incorrect decisions, and a high-key tone and green highlights following correct decisions. 
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Two groups (Mixed, Massed) completed this task on each of 10 consecutive days, with the 
only difference between the groups lying in the prints they responded to. The three latent 
prints in each trial of the Mixed training task originated from three different fingers, with the 
highlighted print ‘mixed’ in. Each trial in the Massed training task involved a latent print 
‘massed’ with two other prints from the same finger. As per interleaving theory, the Mixed 
training task displayed stimuli from different categories (i.e., different fingers) and the 
Massed training task displayed stimuli from the same category (i.e., the same finger). 
Altogether, the 100 trials took approximately 15 minutes to complete regardless of condition. 
The task was kept as brief as possible to reduce the potential effects of fatigue on 
performance, while still providing a reasonable amount of training (Busey et al., 2015). 
Having both groups complete the same task with different stimuli allowed me to make 
inferences between the type of training and performance across sessions. See Appendix A for 
an example of a trial of the fingerprint training tasks. 
2.2.2 Control Training Protocol. Participants in the Control training group 
completed a word jumble task, with each trial consisting of one jumbled word (the target) 
presented alongside the unjumbled target word and four highly similar distractor words. The 
task was to identify the unjumbled target word as quickly as possible. All words were sourced 
from an online repository of 1,371 common seven-letter words (GitHub, 2015). Like the 
fingerprint training tasks, this task consisted of 100 trials and took approximately 15 minutes 
to complete. A warning message appeared when participants took longer than 10 seconds to 
respond. Participants received feedback on their performance in each trial. The intention was 
to have the control group complete a task that was of a similar duration to the training 
interventions and not perceptually based, such that I could make inferences regarding the 
effect of the fingerprint training tasks, and perceptual training more broadly. Word jumble 
tasks have previously been used as filler tasks and measures of performance (e.g., Dunphy & 
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Milbourne, 2009; Rinck & Becker, 2005; Tran, Siemer, & Joormann, 2011). See Appendix B 
for an example of a trial of the Control training task. 
2.3 Measures 
2.3.1 The xQ.  The Expertise Quotient or “xQ” (Searston, Tangen, & Thompson, in 
preparation) for fingerprints consists of three tasks: Print Matching, Print Recognition, and 
Print Nomination. The tasks require participants to determine whether two prints originate 
from the same or different sources (Print Matching), hold a briefly-presented test print in 
their working memory and sort through a series of prints to select the matching one (Print 
Recognition), and determine which hand (i.e., left or right) and finger (i.e., thumb, index etc) 
a print originates from (Print Nomination). The three tasks were part of an initial set of ten 
tasks that captured multiple and varied components of the fingerprint examination process 
and included 603 cases that took over 3 hours for fingerprint examiners to complete. During 
the task refinement process, all ten tasks were completed by 44 Australian fingerprint experts 
and 44 student novices. All possible combinations of the ten tasks were computed, and the 
three that most optimally discriminated between experts and novices were identified. Further 
refinement involved computing all possible combinations within the top three tasks to 
identify the number of trials needed to optimally classify experts and novices. The final xQ 
takes approximately 12 minutes to complete and comprises 34 trials: 12 Print Matching trials, 
12 Print Recognition trials, and 10 Print Nomination trials. No feedback is provided on any of 
the trials in any of the tasks. Scores on the xQ are calculated by averaging participants’ scores 
on each of the three tasks and are presented as a proportion of correct responses to total 
responses (i.e., a score of .43 indicates that 43% of responses were correct). The software also 
records participant response times and self-reported confidence levels (i.e., how many trials 
they believe they answered correctly on each task). This thesis is one of the first studies to 
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implement the xQ as a measure of fingerprint expertise performance and could provide 
validatory support for its use in future research.  
2.4 Materials 
All participants completed the experiment on a 13-inch Apple MacBook Pro.  
2.4.1 Fingerprint Images. The fingerprint images used in the training tasks consisted 
of sets of nine prints from the right thumbs of 25 individuals, with each set containing five 
latent and four candidate prints. Two of the latent prints in each set were left on a metal 
surface, two on a glass surface, and one on a timber surface. Each print was 600 millimetres 
by 600 millimetres but was presented at 352 by 352 millimetres such that all four prints fit 
comfortably on the screen. All of the original details in the prints were left intact (e.g., natural 
variation in contrast, hue, luminance). 
Each of the 100 candidate prints appeared in the 100 trials of the fingerprint training 
tasks (4 candidate prints for 25 individual fingers) but were randomly sampled in a different 
order for each session, for each participant. They were also presented alongside different 
latent prints in each trial, such that the correct response (as indicated by the auditory and 
visual feedback) in one session was unrelated to the correct response in any other session. 
Latent prints were presented on the left side of the screen, with the candidate print on the 
right, reflecting the layout of examiner casework (Roads et al., 2016). In the Massed training 
task, we randomly sampled three out of the five latent prints from one of the 25 individual 
fingers for each trial, and for each participant. In this condition, the latent prints were 
sampled from the same finger as the candidate print on a random half of the trials and from a 
randomly sampled finger on the remaining trials (i.e., half matching trials, half non-matching 
trials). In the Mixed training task, we randomly sampled one out of five latent prints from 
three of the 25 individual fingers for each trial and participant. None of the fingerprint images 
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used in the training tasks were used in the xQ; thus, any improvement observed over the 11 
sessions cannot be attributed to learning the specific training images. 
The fingerprint images in the xQ were taken from a large set of prints that included 
approximately 10 unique prints from 300 individuals. In each session, for each participant, 
fingerprints were randomly selected (with replacement). There were a few repeated prints in 
the xQ across the 11 sessions, though performance cannot be attributed to particular prints 
due to their random selection. 
None of the fingerprint images are available on the OSF due to ethical and legal 
constraints put in place to protect the identities of the sources of the fingerprints (Searston et 
al., 2019). This was also the reason for the experiment being completed in person, rather than 
through an online survey link. 
2.5 Software 
The xQ test of fingerprint expertise, fingerprint training tasks, and word scramble 
tasks were all programmed by my supervisor using LiveCode Community (version 9.5.0). 
Prior to data collection, I conducted simulations for all participants and sessions as a pilot test 
of the experiment. I inspected the simulated data files using Apple’s Numbers (version 10) 
application. The data were analysed using both R Studio (version 1.3.1056) and SPSS 
(version 27). 
2.6 Participants 
As a result of this study being conducted during a global pandemic with social 
distancing restrictions in place, participants formed a convenience sample of family, friends, 
and network connections of my supervisor and I (N = 19). The sample included 13 females 
and 6 males, ranging from 19-62 years old (M = 32.4). Participants were randomly assigned 
to one of three conditions, with six participants in each fingerprint training condition and 
seven in the Control condition. The gender split was approximately equal across the three 
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conditions, however the mean ages of the groups differed slightly, with an average of 25 
years in the Control group, 42 years in the Mixed training group and 31.5 years in the Massed 
training group. 
All participants were required to be at least 18 years of age, be fluent in English, have 
normal or corrected-to-normal vision, and have no formal experience in fingerprint 
examination. Recruitment was on a voluntary basis and occurred in person or online. 
Compensation was provided in the form of a $20 gift card per hour of participation, with $80 
provided upon completion of the full experiment. Responses were to be excluded if 
participants failed to complete the experiment, took less than 500 milliseconds to respond to 
more than 30% of trials, or provided the same response to more than 80% of trials. None of 
the participants met these criteria. 
Given the limited participant pool available due to the global pandemic, I was a 
participant in my own experiment and was randomly assigned to the Massed training 
condition. Ideally, all participants would be completely blind to the true aims and hypotheses 
of experiments (Rosenthal, 1966). I conducted the full analyses both with and without my 
own data, with the pattern of results remaining unchanged. 
We had aimed to collect data from 18 participants (six in each of the three 
conditions), but, due to a coding error, collected data from one extra participant, who was 
randomly assigned to the Control condition. I conducted the analyses with and without the 
extra participant and found no change in the pattern of results. See Appendix C for the 
analyses excluding my own data, and that of the extra participant, respectively. 
2.6.1 Shared Controls. This experiment and Experiment 2 (as described on the OSF 
wiki page) implemented a shared control group, due to sampling constraints resulting from 
the global pandemic, and the similarity of the two experiments. Thus, the task completed and 
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data collected from participants in the Control training group were identical across both 
experiments. 
2.6.2 Power Analysis. No previous research has investigated the effect of an 
interleaved training protocol on fingerprint expertise performance using a pre-post design and 
an active control group. Studies implementing interleaved practice with visual categories 
have produced effect sizes ranging between .70 and 1.41 (e.g., Birnbaum et al., 2013; 
Carvalho & Goldstone, 2014a; Kang & Pashler, 2012; Kornell & Bjork, 2008). Thus, I 
determined the target sample size of the current study using the Smallest Effect Size of 
Interest (Lakens, Scheel, & Isager, 2018) of .70. With a sample of 18 participants1 and 374 
observations per participant (34 trials in each of 11 sessions of the xQ), the experiment had 
an estimated power of 82.2% to detect an effect of the training conditions on xQ performance 
across sessions. Jake Westfall’s PANGEA software (Westfall, 2020) was used to calculate 
the statistical power of the experiment. 
2.7 Design 
This experiment implemented a 3 (Condition: Mixed, Massed, Control) by 11 
(Session: Session 1, Session 2, Session 3… Session 11) mixed factorial design. Condition 
served as a between-groups independent variable, with participants completing one condition 
each. All participants were assessed at all 11 time points, making Session a within-groups 
independent variable. Performance on the xQ served as the dependent variable.  
2.8 Procedure 
Participants were briefed about their involvement via the participant information sheet 
(see Appendix D), signed a consent form (see Appendix E), and provided basic demographic 
data (gender and age). Each participant was allocated a unique pseudonym known only to my 
supervisor and I. Initial instructions stated that participants were required to complete four 
 
1 Note that the 19th participant was not planned, and thus was not included in the power analysis. 
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tasks, taking approximately 20 to 30 minutes to complete altogether. Informing participants 
they were completing four tasks (rather than a test, and a training task) meant that they 
allocated attention to each of the four tasks equally (Roads et al., 2016). Task-specific 
instructions appeared immediately prior to each task. Screenshots of the instructions provided 
to participants can be found in Appendix F. All participants completed 11 sessions across 11 
consecutive days, with the first 10 sessions consisting of the xQ (tasks one to three) followed 
by their assigned training task (task four). The eleventh session involved one final attempt of 
the xQ, but not the training task. The sessions were completed at the same time each day, 
ensuring there was a 24-hour gap between each training session and the subsequent xQ 
attempt; this minimised the cramming effect (Tigner, 1999). Furthermore, the delay allowed 
us to investigate the notion that mixing exemplars impairs initial performance, but enhances 
long-term retention (e.g., Rohrer, 2012; Rohrer & Taylor, 2007; Taylor & Rohrer, 2010). 
Data collection ceased when all 19 participants had completed the experiment. Following 
completion, participants received their payment and were debriefed regarding the true nature 
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CHAPTER 3 – RESULTS 
Overall, participants appeared to perform relatively poorly on the xQ, with minimal 
improvement occurring between sessions one (M = .420, SD = .112) and 11 (M = .441, SD = 
.089). The Massed training group (M = .451, SD = .082) appeared to achieve greater 
performance on the xQ, collapsed across sessions, than the Mixed training group (M = 0.426, 
SD = .089), with the Control training group (M = .416, SD = .084) demonstrating the lowest 
performance overall. See Table 1 below for the means and standard deviations of 
performance on the xQ, for each condition and in each session. 
Table 1.  
Descriptive statistics for performance on the xQ. 
 Mean Performance on the xQ 
Session Control (SD) Mixed (SD) Massed (SD) 
1 .392 (.118) .434 (.099) .438 (.128) 
2 .378 (.081) .387 (.054) .409 (.078) 
3 .401 (.074) .398 (.120) .442 (.071) 
4 .398 (.068) .412 (.067) .489 (.066) 
5 .390 (.028) .388 (.116) .434 (.060) 
6 .439 (.139) .425 (.103) .431 (.077) 
7 .452 (.029) .425 (.105) .476 (.036) 
8 .417 (.091) .444 (.060) .490 (.107) 
9 .471 (.098) .426 (.093) .455 (.095) 
10 .432 (.066) .479 (.068) .445 (.082) 
11 .410 (.080) .466 (.097) .453 (.095) 
 
Performance on the xQ for each of the three training groups across all 11 sessions is 
represented visually in Figure 2 below. The graph suggests that there was very little, if any, 
improvement on the xQ across sessions for all three training groups.  It also suggests that 
there was a moderate level of variability in performance between participants, across 
sessions.  
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Figure 2. Performance on the xQ across sessions for the Control (blue), Mixed (pink) and 
Massed (green) training groups. Black lines represent the mean performance of each of the 
three groups across sessions. Each individual dot represents the score of one participant on 
one session of the xQ. 
 
3.1 Confirmatory Analysis 
As planned in my pre-registration, I conducted a 3 (Condition: Mixed training, 
Massed training, Control training) by 11 (Session: Session 1, Session 2, … Session 11) mixed 
factorial ANOVA to investigate the performance of a sample of fingerprint novices on the 
xQ, over sessions. The xQ scores were found to be normally distributed, with skewness of 
.012 and kurtosis of -.654. See Appendix G for a histogram of the xQ data. The mean 
variances over sessions were approximately equal between the Control (σ² = .007), Mixed (σ² 
= .008) and Massed (σ² = .007) training conditions. The data in Figure 2 provide further 
evidence that the variances between groups, across sessions, were similar. An outlier was 
identified in session seven of the xQ, but I found this to represent a genuine variation in 
performance and proceeded with the analysis. All statistics reported below are two-tailed. 
Effect sizes are reported using Cohen’s (1988) conventions of small (>.1), medium (>.3), and 
large (>.5) effects. All effects are reports as significant at p < .05, unless otherwise stated. 
The ANOVA revealed non-significant main effects of both Condition (F(2, 16) = 
.879, p = .434, η2G = .032) and Session (F(10, 160) = 1.463, p = .158, η
2
G = .060). The 
interaction effect of Condition and Session was also non-significant (F(20, 160) = .549, p = 
.941, η2G = .046). Mauchly’s W was non-significant, indicating that the assumption of 
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sphericity was met (W = .014, p = .570). See Appendix H for the full output of the ANOVA 
as conducted in R Studio. 
 3.1.1 Test of Hypothesis 1. I predicted that both the Mixed and Massed training 
groups would demonstrate a significant improvement in performance on the xQ over 
sessions, compared to the Control training group. Treatment-control contrasts revealed that 
the Massed training group achieved significantly greater accuracy than the Control training 
group (t = 2.367, p = .019), but the Mixed training group did not (t = .641, p = .522). A 
subsequent trend analysis revealed no significant quadratic trend over sessions (t = -.885, p = 
.378). 
 3.1.2 Test of Hypothesis 2. I also predicted that the Mixed training group would 
demonstrate significant improvement on the xQ over sessions compared to the Massed 
training group. Helmert contrasts demonstrated that the Massed training group achieved 
significantly greater overall performance than both the Mixed and Control training groups (t 
= 2.305, p = .022). A significant linear trend was also found (t = 2.573, p = .011). However, a 
similar trend was not found in the treatment-control contrasts, reducing the robustness of this 
finding. 
3.2 Exploratory Analysis 
After analysing the xQ data, I was interested in whether any, or all, of my training 
groups demonstrated improvement on the training tasks across sessions. The Control training 
group completed an entirely different task to the two fingerprint training groups and was 
excluded from the following analysis.  
Participants in the Massed training group (M = .668, SD = .088) appeared to perform 
more accurately on their training task compared to the Mixed training group (M = .582, SD = 
.058), collapsed across sessions. The Massed training group also seemed to demonstrate more 
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improvement between sessions one (M = .577, SD = .034) and ten2 (M = .703, SD = .112) 
than the Mixed training group (session one: M = .593, SD = .045, session ten: M = .563, SD = 
.063). See Table 2 below for the means and standard deviations of performance on the 
fingerprint training tasks across sessions.  
Table 2.  
Descriptive statistics for performance on the two fingerprint training tasks. 
 Mean Performance on the Fingerprint Training Tasks 
Session Mixed (SD) Massed (SD) 
1 .593 (.045) .577 (.034) 
2 .572 (.040) .648 (.112) 
3 .580 (.094) .665 (.055) 
4 .592 (.062) .647 (.074) 
5 .585 (.050) .652 (.093) 
6 .587 (.023) .695 (.067) 
7 .578 (.083) .703 (.084) 
8 .600 (.070) .668 (.101) 
9 .568 (.060) .722 (.089) 
10 .563 (.063) .703 (.112) 
 
Performance across sessions on the Mixed and Massed training tasks is displayed in 
Figure 3 below. The graph suggests no improvement on the Mixed training task, and a small 
improvement on the Massed training task across the 10 training sessions. 
 
Figure 3. Performance of the Mixed (orange) and Massed (purple) fingerprint training groups 
on the training tasks across sessions. Black lines represent the mean scores of each training 
group across sessions. Each individual dot represents the score of one participant in one 
training session. 
 
2 Note that, while participants completed 11 sessions in total, the training tasks were only completed during the 
first ten sessions. 
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A mixed factorial ANOVA revealed a small but significant main effect of Condition 
(F(1, 10) = 6.664, p = .027, η2G = .286) and a non-significant main effect of Session (F(9, 90) 
= 1.585, p = .132, η2G = .060). The interaction between Condition and Session was significant 
(F(9, 90) = 2.920, p = .004, η2G = .104), though it yielded a small effect. Mauchly’s W was 
non-significant (W = .000, p = .301), indicating that the assumption of sphericity was met. 
Treatment-control contrasts suggested that the Massed training group performed significantly 
more accurately on their training task than the Mixed training group, across sessions (t = 
6.336, p < .001). A subsequent trend analysis found a significant linear trend over sessions 
for the Massed training group, compared to the Mixed training group (t = 2.718, p = .008). 
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CHAPTER 4 – DISCUSSION 
This thesis aimed to investigate the performance of three training groups (Mixed, 
Massed, Controls) on a test of fingerprint expertise, the xQ, over multiple sessions. I 
predicted that the two fingerprint training groups (Mixed, Massed) would demonstrate a 
significant learning benefit across sessions compared to controls, and that the Mixed training 
group would significantly outperform the Massed training group over sessions. Neither 
hypothesis was fully supported, with the results indicating superior overall performance on 
the xQ for the Massed training group, and no significant improvement over sessions for any 
of the three groups. An exploratory analysis indicated that the Massed training group 
significantly improved over sessions on the training task. Potential explanations for these 
findings are outlined below. 
4.1 Confirmatory Analysis 
Contrary to my predictions, the Massed training group demonstrated superior 
performance on the xQ compared to both the Mixed and Control training groups. Despite this 
superior performance, the Massed training group did not significantly improve on the xQ 
over sessions. These results may be partly due to chance. It is possible that the most accurate 
performers were randomly assigned to the Massed training group during the allocation 
process. Previous research suggests that initial novice performance in fingerprint examination 
is highly variable, and that individual differences in accuracy tend to persist, especially when 
task demands vary (Searston & Tangen, 2017d). Fingerprint examination is thought to be a 
variable task due to the novelty of the prints in each case (Ackerman, 1987). Initial individual 
differences in performance on the xQ seemed to persist in this experiment, in that the Massed 
training group consistently performed more accurately than the other two training groups. 
Future fingerprint training research could provide measures of initial individual differences to 
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determine whether these are approximately equal across training groups; for example, 
baseline measures of basic pattern-matching skills, and other cognitive abilities. 
While the Massed training group demonstrated consistently superior performance on 
the xQ compared to the Mixed and Control training groups, they did not significantly 
improve over sessions. They did, however, improve significantly on the training task, 
demonstrating the specificity of expertise. Learning on a trained task does not necessarily 
generalise to learning on an untrained task (in this case, the xQ), even when the same 
stimulus is used in both tasks (Sagi, 2011; Shiu & Pashler, 1992; Wright & Zhang, 2009). For 
example, trainees successfully learnt to discriminate the brightness of lines, but this training 
did not improve their ability to discriminate the orientation of the same lines (Shiu & Pashler, 
1992). It is suggested that specificity of learning is more common with demanding, high-
precision tasks (i.e., those that require discrimination between highly similar stimuli; Ahissar 
& Hochstein, 1997; Jeter, Dosher, Lu, & Petrov, 2009; Liu & Weinshall, 2000). Fingerprints 
are highly similar to one another and difficult to discriminate between, which may explain 
why the improvement on the training task did not transfer to improvement on the xQ.  
I predicted that the two fingerprint training groups would demonstrate a significant 
quadratic trend, or traditional learning curve, over sessions, in that performance on the xQ 
would rapidly increase over the first few sessions and gradually plateau. However, no 
significant trends were found. This prediction was based on research by Searston and Tangen 
(2017d) in which 24 fingerprint trainees were tested over a period of one year, and 
demonstrated the majority of their learning in the first three months. This boost in learning 
may have been partly due to the trainees’ increased motivation to perform well, given that 
their training was a mandatory part of their employment. Additionally, these trainees were 
working full-time, while the novices in my experiment received only three hours of training 
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spread across 10 days. This may have been too brief of a training period to produce a learning 
curve such as that demonstrated by Searston and Tangen (2017d). 
Contrary to my predictions, none of the three training groups demonstrated significant 
improvement on the xQ over sessions. Participants received approximately three hours of 
training across ten sessions, which may have been insufficient in producing a learning benefit 
with fingerprints, a complex, low-discriminability category of stimuli. Novices in Gauthier 
and Tarr’s (1997) research reached a pre-specified expertise criterion with a novel set of 
human-like stimuli known as Greebles after seven to 10 hours of training. While we were 
seeking to establish perceptual learning rather than perceptual expertise in this experiment, 
the amount of training we provided was evidently insufficient to produce a boost in 
performance on the xQ.  
It seems likely that three hours of training on one task was insufficient in inducing a 
learning benefit on the xQ. Roads and colleagues (2016) noted the time-consuming nature of 
developing expertise in complex visual tasks such as fingerprint examination. In a recent 
study by Thompson and colleagues (2014), novices performed just as accurately on a 
fingerprint discrimination task as trainees with up to six months of training and experience. 
Considering my results and the lack of longitudinal research in the domain of fingerprint 
expertise development, future research could extend the training period to several weeks or 
months. However, this is a costly alternative and may incur higher attrition rates due to the 
long-term commitment. To mitigate this effect, researchers could recruit enrolled fingerprint 
trainees to ensure participants are motivated and committed (Searston and Tangen 2017d).  
Extending the length of the training period should occur concurrently with the 
inclusion of multiple training tasks. While using just one task allowed me to assess the effect 
of the task, it was likely insufficient to produce learning on the xQ on its own. Research has 
demonstrated a benefit of interleaving task type, rather than individual exemplars (Rau, 
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Aleven, & Rummel, 2013; Szpiro, Wright, & Carrasco, 2014). For example, a learning 
benefit was found when two perceptual tasks that did not influence learning on their own 
were mixed (Szpiro et al., 2014). In order to induce a significant boost in learning, multiple 
and varied fingerprint training tasks should be interleaved in future training studies that last 
several weeks or months. 
4.2 Exploratory Analysis 
Statistical analysis of performance on the fingerprint training tasks (excluding the 
Control training group, who completed an unrelated task) revealed that the Massed training 
group performed significantly more accurately than the Mixed training group, and improved 
significantly across sessions. While I did not form any predictions regarding performance on 
the training tasks, much of the literature on interleaved practice would suggest that the Mixed 
training group should have demonstrated superior performance and improvement (e.g., 
Carvalho & Goldstone, 2014a, 2014b; Kang & Pashler, 2011; Kornell & Bjork, 2008; 
Zulkiply & Burt, 2013). Potential explanations for my findings are explored below. 
The two fingerprint training tasks both involved 100 trials in each session, with the 
highlighted latent print matching the candidate print in a random half of the trials, and not 
matching in the other random half of trials. Consequently, the participants in the Massed 
training condition viewed four prints from the same finger on half of the training trials. This 
may have incidentally increased the amount of information available across the four prints 
and provided participants with more opportunities to notice similarities within prints. 
Noticing similarities within categories has previously been associated with learning benefit 
with some stimuli, potentially explaining the improvement demonstrated by the Massed 
training group (Carvalho & Goldstone, 2014a; Carvalho & Goldstone, 2017; Goldstone, 
1996; Zulkiply & Burt, 2013). However, this was not expected with fingerprints, a complex, 
low-discriminability set of stimuli that should benefit from mixing exemplars (Carvalho & 
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Goldstone, 2014a; Goldstone, 1996). This explanation also assumes that participants noticed 
that the prints were all from the same source. 
In the non-matching trials of the Massed training task, the prints were somewhat 
interleaved in that the three matching latent prints were ‘mixed’ in with one non-matching 
candidate print. Thus, this training task could be classified as a hybrid training schedule that 
involved both mixing (non-matching trials) and massing (matching trials). Previous research 
has indicated a learning benefit of hybrid schedules, especially with complex tasks (Carpenter 
& Mueller, 2013; de Croock & van Merrienboer, 2007; Dunlosky, Rawson, Marsh, Nathan, 
& Willingham, 2013; Rau et al., 2013; Rohrer, 2012). Several studies have indicated that 
mixing stimuli (e.g., word lists, mathematical problems) was only beneficial for learning 
following a period of massing the same stimuli (Rau et al., 2014; Sorensen & Woltz, 2016). It 
is possible that fingerprint examination is a highly complex task that requires a hybrid 
training schedule incorporating both mixing and massing. The fact that the Massed training 
task incidentally served as a hybrid schedule may have contributed to the superior 
improvement demonstrated in my experiment. The effectiveness of hybrid training schedules 
with fingerprint examination should be investigated in future research. 
The two fingerprint training tasks required participants to consider all four prints in 
each trial and determine whether or not the randomly highlighted latent print matched the 
candidate print. However, it is plausible that participants may not have considered all four 
prints, instead just comparing the two highlighted images. This would have made the 
distinction between the Mixed and Massed tasks somewhat redundant. Melton (1970) found 
that mixing had no effect when participants failed to recognise that exemplars were being 
mixed. A future study could replicate my experiment and incorporate eye tracking technology 
to determine whether participants view all four prints before responding. Such technology has 
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been previously implemented in both fingerprint training (Roads et al., 2016) and interleaved 
practice research (Carvalho & Goldstone, 2017). 
4.3 The xQ as an Assessment Tool 
The novice participants in my experiment performed relatively poorly on the xQ 
overall, with the three training groups consistently achieving scores of less than 50%. These 
results were expected, given that fingerprint examination is a highly difficult task (Busey & 
Vanderkolk, 2005), especially for novices (e.g., Searston & Tangen, 2017a; Tangen et al., 
2011; Thompson & Tangen, 2014). The results also provide validatory support for the xQ, a 
recently-developed measure of fingerprint expertise performance (Searston, Tangen, & 
Thompson, in preparation). The xQ is intended to discriminate between fingerprint experts 
and novices, and the poor performance of my novice participants suggests that it does so 
reasonably well. Additionally, the lack of improvement over sessions demonstrated by the 
Control training group suggests that the xQ is, on its own, an ineffective method of inducing 
learning with fingerprint novices. This finding provides further evidence of the need for 
empirically validated training programs. In addition to assessing the performance of novices 
over time in fingerprint training studies, the xQ could potentially be used during the 
recruitment of fingerprint trainees in forensic laboratories, or to assess the abilities of current 
practicing examiners to ensure they are performing at the appropriate standard. 
4.4 Strengths 
Studies involving fingerprint novices tend to recruit undergraduate university 
students, who are usually of a similar age and educational background (e.g., Roads et al., 
2016; Searston & Tangen, 2017c; Tangen et al., 2011). My thesis, due in part to the 
constraints placed on sampling during a global pandemic, employed a much broader sample, 
with the ages of my participants ranging between 19 and 62 years (M = 32.4). This wider age 
range allows me to generalise my results to a larger population, compared to if I had recruited 
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solely university students. The caveat with having a broad age range is that there may be age 
differences in fingerprint expertise performance. While I did not assess this here, future 
research could investigate age differences in the abilities of fingerprint novices, and whether 
fingerprint examination ability decreases in older age like many other cognitive functions 
(Murman, 2015). 
Many studies implementing interleaved practice limit their learning phase to a single 
session, and have only a brief delay (i.e., less than one hour) between the learning and test 
phases (Rohrer, 2012). A major strength of my experiment was that there were 11 testing 
sessions, and a 24-hour gap between each training session and the subsequent xQ attempt. 
This assisted in reducing the effects of cramming (Tigner, 1999), which, in turn, allowed me 
to assess whether any genuine learning occurred.  
4.5 Limitations 
In addition to the limitations that have already been discussed (i.e., the insufficient 
length and variety of the training program, the unintended consequences of the training task 
design), my experiment had low fidelity. Fidelity refers to “the degree of similarity between 
experimental conditions and the reference domain” (Searston et al., 2016, p. 51). My training 
tasks required participants to compare four prints and provide a response within 10 seconds. 
In reality, examiners spend up to several hours comparing just two prints. Furthermore, the 
base rates of matching and non-matching prints in my training task (i.e., half matching trials 
and half non-matching trials) do not reflect the base rates of examiner casework (Thompson 
et al., 2013). The fidelity of my experiment was necessarily reduced by the high level of 
control I exerted. I specifically manipulated certain variables (e.g., the number of sessions, 
the various training conditions) in order to empirically assess the impact of interleaved 
practice on fingerprint expertise performance. The key challenge for researchers is to find the 
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right balance of fidelity, generalisability and control needed to answer the research question 
(Searston et al., 2016; Thompson et al., 2013).  
Furthermore, despite calculating that my experiment had sufficient power to detect an 
effect of the training interventions on xQ performance, my sample size was relatively small. 
Future studies should aim to recruit a larger sample, which will reduce the effects of the 
variability in performance demonstrated by novices, and the influence of outliers (e.g., one-
off performances in particular sessions; Eva, Rosenfeld, Reiter, & Norman, 2004).  
4.6 Implications 
Expert fingerprint examiners spend their days making high-stakes decisions in 
criminal investigations. While the superior accuracy of these experts is evident in the 
literature, errors may still occur. These errors have the potential to result in the conviction of 
an innocent person, or to allow a genuine perpetrator to roam free. Such serious consequences 
necessitate further research into the decision-making processes of fingerprint experts, and the 
most effective methods of training novices to become experts. Implementing training 
methods that have been rigorously evaluated in controlled research environments will reduce 
training times and the risk of making errors. While the current study did not explicitly 
demonstrate improvement in fingerprint expertise performance (measured by participants’ 
performance on the xQ) over multiple training sessions, future research could extend the 
current experiment (e.g., by assessing novices over weeks or months of training, and 
incorporating multiple, varied training tasks) to further explore the benefit of interleaved 
practice. My thesis was one of the first studies to investigate the development of fingerprint 
expertise using interleaved practice and provides a platform for future research to build upon. 
4.7 Conclusion 
My thesis investigated the effect of a novel training paradigm on the fingerprint 
expertise performance of a small sample of novices. In incorporating the principle of 
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interleaved practice, my training tasks required participants to respond to either fingerprints 
from different fingers (mixing) or fingerprints from the same finger (massing). Despite the 
limited research combining interleaved practice and fingerprint examination, it was 
hypothesised that mixing fingerprint exemplars would lead to a significantly greater learning 
benefit on a test of fingerprint expertise performance (the xQ) than massing exemplars. 
However, the results suggested that there were no significant improvements in performance 
on the xQ over sessions, possibly due to an insufficient amount of training on a highly 
difficult and complex task. Massing exemplars did, however, lead to significant improvement 
on the training task itself, indicating that, while some learning did occur, it did not transfer to 
performance on the test. These results suggest that mixing and massing exemplars may have 
differential effects on learning in fingerprint examination, and that further studies should be 
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ANOVA output excluding the data of the extra participant, produced in R Studio. Pseudonym 
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Appendix D 
Participant information sheet 
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Appendix E 
Participant consent form 
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Appendix F 
Initial instructions, prior to task 1 
 
Task 2 instructions 
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Task 3 instructions 
 
Task 4 instructions 
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Appendix G 
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Treatment-control contrasts    Helmert contrasts 
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Appendix I 
Full ANOVA output for performance on the fingerprint training tasks, produced in R Studio 
 
 
 
 
 
 
 
 
 
 
Treatment-control contrasts 
 
